Although the phenomenology of gene silencing apHowever, both the mechanism and the physiological pears to be remarkably similar in diverse organisms, a role of the interference process remain mysterious.
shown that feeding worms E. coli which express a resistance of mut-2 and mut-7 could conceivably have reflected the presence of secondary mutations. To test dsRNA, or simply soaking worms in dsRNA solution, are both sufficient to induce interference in C. elegans this possibility, we examined the genetic linkage between the mutator and RNAi resistance phenotypes of (Tabara et al., 1998; Timmons and Fire, 1998). To carry out a selection, we optimized the feeding method to mut-2 and mut-7. We found that independently outcrossed mut-2(r459) mutator strains TW410 and MT3126 deliver interfering RNA for an essential gene, pos-1 (see Experimental Procedures). C. elegans hermaphrodites both showed resistance to RNAi. We mapped the RNAi resistance phenotype of mut-7(pk204) to the center of that ingest bacteria expressing dsRNA corresponding to a segment of pos-1 are themselves unaffected but linkage group III ( Figure 1B ), the position that had been defined for the mutator activity of mut-7(pk204) by Ketproduce dead embryos with the distinctive pos-1 embryonic lethal phenotype.
ting and colleagues (1999). Taken together, these observations suggested that the RNAi resistance phenotypes To identify RNAi-resistant strains, we mutagenized wild-type animals and then searched in the F2 generaof the mut-2 and mut-7 strains were genetically linked to their mutator activities. The rde and mut mutations tion for rare individuals that were able to produce complete broods of viable progeny. In addition to screens appeared to be simple recessive mutations with the exception of mut-2(r459), which appeared to be weakly using chemical mutagenesis, we searched for spontaneous mutants using the mut-6 strain in which Tc1 transpodominant ( Figure 2A ). sons are activated (Mori et al., 1988) . To facilitate these screens, we used a starting strain that was egg laying
Distinct Properties of RNAi-Deficient Mutants
We used microinjection to assay the sensitivity of each deficient. In the absence of egg laying, the F3 progeny remained trapped within the mother's cuticle. Candidate strain to several distinct dsRNA species. The pos-1 and par-2 genes are expressed in the maternal germline and mutants had internally hatched broods of viable embryos and were thus easily distinguished from the backare required for proper embryonic development (Boyd et al., 1996; Tabara et al., 1999). All rde strains tested ground population of individuals filled primarily with dead embryos ( Figure 1A ). Candidates were then re-(as well as mut-2 and mut-7) showed significant resistance to dsRNA targeting these germline-specific genes tested for resistance to injected dsRNA. We next genetically mapped seven mutant strains identified in this way.
( Figure 2B ), as well as to several other germline-specific genes tested (Experimental Procedures and data not These seven mutants defined four complementation groups: rde-1, with three alleles; rde-4, with two alleles; shown). In order to examine the effect of these mutations on and rde-2 and rde-3, each with one allele ( Figure 1B) .
In the course of this work, we also examined the RNAi interference targeting somatically expressed genes, we injected dsRNA targeting the cuticle collagen gene sqt-3 sensitivity of several existing C. elegans mutants. For the most part, these mutant strains were fully sensitive and the body muscle structural gene unc-22. sqt-3 hypomorphic mutants exhibit a short, dumpy body shape to RNAi (see Experimental Procedures). We did, however, find RNAi resistance in two strains that had pre-(van der Keyl et al., 1994). unc-22 mutations exhibit severe paralysis with a distinctive body twitching phenoviously been shown to exhibit elevated levels of transposon mobilization: mut-2 (described in Collins et al., 1987) type (Moerman et al., 1986) . rde-1, rde-3, rde-4, and mut-2 strains showed strong resistance to both sqt-3 and mut-7 (described in Ketting et al., 1999 [this issue of Cell]). Another mutator strain, mut-6(st702), was fully and unc-22 dsRNA, while rde-2 and mut-7 strains showed partial resistance ( Figure 2C and data not sensitive to RNAi (see Experimental Procedures). Since mutator strains continually accumulate mutations, the shown). Thus rde-2 and mut-7 appeared to be partially (C) rde and mut strains differ from one another in sensitivity of sqt-3 dsRNA. Progeny of injected animals were classified into the following three groups: larval lethality due to strong dumpy (Sqt) phenotype (dark shading), viable dumpy phenotype (cross hatching), and no phenotype (no shading). The total number of animals of each type is indicated in the columns at right.
tissue or gene specific in that they were required for mechanistic features, we first asked whether the mes mutants were resistant to RNAi. We found normal levels effective RNAi against germline but not somatically expressed genes. The rde-1, rde-3, rde-4, and mut-2 (ϩ) of RNA interference in each of these strains (see Experimental Procedures). We next asked whether RNAi-defiactivities appeared to be required for interference for all genes analyzed. cient strains were defective in transgene silencing. Three strains were analyzed: mut-7(pk204), rde-1(ne219), and We next asked whether the newly identified rde mutants also exhibited transposon mobilization. We found that two new mutants, rde-2 and rde-3, exhibited a level GFP reporter transgenes were introduced into different genetic backgrounds as described in Experimental Procedures. Activation of GFP transgene expression in germ cells was assayed at 25ЊC by fluorescence microscopy. ccEx7271 is a highly repetitive array carrying Ͼ100 copies of pBK48 (GFP-tagged version of a ubiqui- Figure 3 . rde-1(ϩ) and rde-4(ϩ) Activities Are Not Needed for tously expressed gene, let-858). jhEx1070 is a low-copy, "complex" dsRNA Uptake, Transport, or Stability array carrying pJH3.92 (GFP-tagged version of the maternal gene Schematic representation of homozygous rde-1(ne219) and rdepie-1). ccIn4810 is a low-copy, "complex" array that has been inte-4(ne299) mutant mothers receiving injections of dsRNA targeting grated into the X chromosome; this array carries plasmid pJKL380.4 the body muscle structural gene unc-22. Injected animals were al-(GFP-tagged version of the C. elegans nuclear laminin gene lam-1).
lowed to produce self-progeny (left arrow) or instead were mated after 12 hr to wild-type males (right arrow) to produce heterozygous rde/ϩ cross-progeny. Each class of progeny was scored for the unc-22 twitching phenotype as indicated by the fraction (Unc progrde-2(ne221). The mut-7 strain was analyzed most exeny/total progeny).
tensively and was found to exhibit desilencing of three different germline transgenes tested ( Table 2 ). The rde-2 strain exhibited a similar level of desilencing for a single block interference caused by dsRNA expressed directly transgene (data not shown). In contrast, no transgene in the target tissue. We used the muscle-specific prodesilencing was observed in rde-1 mutants (Table 2) transgene exhibit a strong twitching phenotype consistent with unc-22 interference. We found that this rde-1(ϩ) and rde-4(ϩ) Activities Appear twitching phenotype was strongly suppressed by both to Be Required in the Target Tissue rde-1 and rde-4 mutants ( Table 3 ). The mut-7 and rde-2 The above experiments suggest that rde-1 and rde-4 mutants, which are both sensitive to unc-22(RNAi) by differ from other RNAi-deficient strains both in their lack microinjection, were also sensitive to promoter-driven of transposon mobilization and lack of chromosome unc-22 interference in the muscle (Table 3 ). Taken toloss. We considered whether these differences might gether, these findings suggest that rde-1(ϩ) and rdereflect a role for these genes in upstream events, such 4(ϩ) activities are not necessary for uptake or stability as dsRNA uptake, transport, or stability. Such events of the interfering RNA and may function directly in the could be required for interference induced by exogetarget tissue. nous trigger RNAs but might be dispensable for natural functions of RNAi. To evaluate these upstream events, Molecular Identification of the rde-1 Gene we exposed rde-1 and rde-4 homozygotes to dsRNA In order to clone the rde-1 gene, we used standard and then waited until the next generation to score for genetic mapping to define a physical genetic interval interference. dsRNA targeting the unc-22 gene was injected into the intestinal cells of homozygous rde-1 and rde-4 hermaphrodites, and the injected animals were (Figure 4) . The rde-1(ne297) lesion changes a nonconalso exhibit male sterility and maternal effect lethality. served glycine, located four residues from the end of The sting phenotype could reflect a role for this gene in the protein, to a glutamate (Figure 4) . The third allele, a PTGS mechanism that acts on Stellate transcripts and ne300, contains the strongest molecular lesion and is perhaps other transcripts whose silencing must be predicted to cause a premature stop codon prior to maintained for normal male and female fertility (Schmidt the most highly conserved region within the protein et al., 1999). The Drosophila gene sting is most similar (QϾOchre in Figure 4) . Consistent with the idea that rde-1(ne300) is a strong loss-of-function mutation, we found to two C. elegans genes, D2030.6 and C01G5.2, and to a second Drosophila gene, piwi. In a previous study, suggest a degree of additional complexity. First, RNAi the piwi gene was shown to be required for germline is intact in the mut-6 mutator strain (this work) and in maintenance in Drosophila, and RNAi targeting the C. several mutator strains described by Ketting et al. (1999) . elegans gene D2030.6 was shown to cause a mild defect The mut-6 strain differs from mut-2 and mut-7 in that in fertility of C. elegans hermaphrodites (Cox et al., 1998) .
transposon activation appears to be restricted to the The observation that sting and rde-1 genes both appear Tc1 transposon. Furthermore, the mutator activity of to be required for gene silencing mechanisms raises the mut-6 may itself be mobile, raising the possibility that interesting possibility that members of this novel gene the mut-6 gene encodes a mutated Tc1 element ( While it is possible that posttranscriptional silencing While it is tempting to speculate that transposon silencing is a natural target of RNAi, two observations could directly trigger chromosomal effects including cal role of RNA intereference.
One hundred thousand mut-6; lin-2 animals (Mello et al., 1994) were cultured on bacteria expressing pos-1 dsRNA. After one generation of growth, surviving animals were transferred again to plates with Experimental Procedures bacteria expressing the dsRNA and screened for resistant mutants. Three resulting strains were genetically mapped. One of these Strains and Alleles strains (ne300) mapped to LGV and failed to complement rdeThe Bristol strain N2 was used as standard wild-type strain. The 1(ne219). Two strains, ne299 and ne301, mapped to LGIII and define marker mutations and deficiencies used are listed by chromosomes the rde-4 complementation group. Because the screen was clonal as follows. LGI: dpy-14(e188), unc-13(e51); LGIII: dpy-17(e164), uncin nature and involved rounds of enrichment, it remains possible 32(e189); LGV: dpy-11(e224), unc-42(e270), daf-11(m87), eDf1, that both rde-4 strains are related. mDf3, nDf31, sDf29, sDf35, unc-76(e911). The C. elegans strain DP13 was used to generate hybrids for STS linkage mapping (Williams et al., 1992).
Genetic Analysis and Mapping of RNAi-Defective Mutations
To map the RNAi-defective mutations, the RNAi-resistant phenotype Sensitivity to RNAi was tested in the following strains during the course of this work. MT3126: mut-2(r459); dpy-19(n1347), TW410: was assayed either by feeding bacteria expressing pos-1 dsRNA or by injection of a dsRNA mixture of pos-1 and unc-22. The same mut-2(r459) sem-4(n1378), NL917: mut-7(pk204), SS552: mes-2(bn76) rol-1(e91)/mnC1, SS449: mes-3(bn88) dpy-5(e61); hDp20, assays were used for complementation tests. In vivo expression of unc-22 dsRNA was also used for mapping of rde-1. Mapping with SS268: dpy-11(e224) mes-4(bn23) unc-76(e911)/nT1, SS360: mes-6(bn66) dpy-20(e1282)/nT1, CB879: him-1(e879). A non-Unc mut-6 visible marker mutations was performed as described in Brenner (1974), and mapping with STS marker was performed as described strain used was derived from RW7096, mut-6(st702) unc-22 (st192::Tc1), due to the loss of Tc1 insertion in unc-22. Strains SS449 in Williams et al. (1992) . ne219, ne297, and ne300 failed to complement each other, definand SS552 were gifts from S. Strome.
Homozygous mutants of mut-6, mes-2, mes-3, mes-4, mes-6, and ing the rde-1 locus. rde-1 mutations mapped near unc-42 V. Threefactor mapping was used to locate rde-1(ne300) one-eighth of the him-1 showed sensitivity to RNAi by injection of pos-1 dsRNA. The dose of injected RNA was about 0.7 mg/ml, and this dose is lower distance from unc-42 in the unc-42/daf-11 interval (3/24 Unc-nonDaf recombinants analyzed). The rde-1(ne300) allele complemented than that used in Figure 2 and lies within the range where reduced concentration leads to reduced interference effects. The results the chromosomal deficiency sDf29 and failed to complement eDf1, mDf3, nDf31, and sDf35. rde-2(ne221) and rde-3(ne298) mapped (dead embryos/F1 progeny) were as follows: mut-6, 422/437; mes-2, near unc-13 I. rde-2 complemented rde-3. rde-4(ne299) and (ne301)
